Abstract-In hospitals, typical tasks of delivering goods between different locations are usually done by auxiliary staff. With the development of robotic technologies, such tasks can be performed by mobile robots releasing the staff effort to other tasks. In order to successfully complete the tasks of delivering goods inside hospitals, mobile robots should be able to generate trajectories free of collisions. In addition, including timing constraints to the generated trajectories has not been addressed in most current robotic systems, and it is critical in robotic tasks as human-robot interaction. Including timing constraints means to obey to the planned movement time, despite diversified environmental conditions or perturbations. In this paper we aim to develop a navigation architecture with timing constraints based on a mesh of nonlinear dynamical systems and feedthrough maps for wheeled mobile robots. A simulated hospital environment and a wheeled robot pioneer 3-DX are used to demonstrate the robustness and reliability of the proposed architecture in cluttered, dynamic and uncontrolled hospital scenarios.
I. INTRODUCTION
Typical tasks of delivering goods between different locations within hospitals are usually done by auxiliary staff, wasting human efforts that could be used to provide better patient care. With the development of robotic technologies, such tasks can be performed by mobile robots releasing the auxiliary staff to other tasks. However, to carry out tasks of delivering goods inside hospitals, mobile robots should be able to generate trajectories free of collisions. In general, the control architectures of mobile robots that can perform delivering tasks should include a set of different models namely: world modeling, global planning and local planning. Each model addresses a particular function allowing to efficiently plan the required free-collision trajectory. However, a more relevant problem arises in the trajectory planning problem if temporal stabilization of the generated movements is considered. Temporal stabilization means to obey to the planned movement, despite diversified environmental conditions or perturbations. In practical terms, any movement of the mobile robot should be compensated for when perturbations or environment conditions either hold up, accelerate or decelerate the respective movement. If the robot takes longer than expected to complete its task because of unpredicted disturbances, the change of timing should be compensated by the acceleration of the robot along its trajectory.
The temporal stabilization is well suited for hospital environments, especially if we consider tasks requiring humanrobot interaction, i.e. if someone of the hospital staff calls for a robot, it has to delivery goods within a specified time MT (s). The major advantage of controlling the movement time of the robot is to achieve a better scheduling of the delivery tasks and therefore improving the staff organization of the hospital. In this paper we aim to develop a navigation architecture with timing constraints based on a mesh of nonlinear dynamical systems and feedthrough maps for wheeled mobile robots. Our novelty does not focus on each individual module of the architecture but in their integration with the timing constraints.
II. STATE OF THE ART
Recent research has shown that there are several works aiming at developing robust, flexible and reliable control systems for autonomous mobile robots making them able to navigate in hospital environments for delivery tasks, TUG [5] [3] , MKR [17] and iWard [16] . These robots can move in hospitals, and additionally they also can perform a wide range of delivery tasks and other related activities. However, they do not address the generation of timed trajectories for the delivery tasks.
To the best of our knowledge, the generation of timed trajectories embedded in feedback structures remains an open problem, that has received little attention both in robotics and in neuroscience. Typical approaches in literature for generating timed controls are based on the dynamical system theory, as a consequence of the several advantages provided by this theory [13] . Herein, related research concerning to timed trajectories has been verified in several scopes such as: learning by demonstration [9] , movements for biped and quadruped location [12] , rehabilitation [10] and movement for wheeled robots [11] , [15] .
III. DYNAMICAL SYSTEMS BASED ARCHITECTURE
The overall architecture of our system ( fig. 1 ) is hierarchically divided into three subsystems of control: global, local and timing, and based on a mesh of nonlinear dynamical systems and feedthrough maps. Each subsystem is in charge of a specific function and each one works independently of the others. However, information flows among them.
The global control is responsible for providing the direction ψ tar that the robot should follow during a task to reach the global goal location P g . The local control receives the direction ψ tar at each time step and verifies through the robot's sensorial information if this direction can be followed by the robot, or if there are obstacles obstructing such direction. A nonlinear dynamical system (see [6] ) is used to merge the obstacle avoidance and goal seeking contributions and to provide the direction ϕ h , that the robot has to follow. The timing control is responsible for generating the suitable velocity v that makes the robot to complete successfully its task within the specified time frame, MT (s), through the Landau-Stuart oscillator (see for instance [15] ). Conditions for the stability of this navigation architecture were already derived by applying nonlinear analysis and control theory viewpoints [14] .
A. Global Control
In the global control, four individual modules are responsible for converting the information of the environment's structure into the direction ψ tar that the robot should follow. However, note that this direction does not take into account unexpected obstacles that are on the environment.
The world representation adopts a common strategy in robotics to represent the environment through a topological map, consisting in a set of regions, where each region r i represents a room or a corridor of the environment (see [18] for a detailed explanation). Regions result from a tessellation procedure on the environment and a transition function M is enough to represent such regions.
Based on the transition function M, the global planner aims at finding a sequence of regions ρ ≡ {r i , i = 1, . . . , n a } connecting the perceived position of the robot P ro , to a neighborhood of the goal location B(P g , ε) for an adequate radius ε, where P g is the position of the goal location provided to the robot by the user. Note that in practical terms, the robot's position P ro is perceived with a maximum error τ and it can be represented as a circle centered at the robot's real position P r (x, y) with a radius τ.
The Look-up Table is a feedthrough map responsible for ensuring a correct transition between the regions in ρ by providing a line segment L that defines the border line between the region where the robot is, r i , and the next region r i+1 .
The global -local integration module receives the selected line segment L that contains the point P i (x i , y i ) that the robot has to follow to move from region r i to region r i+1 and has as extremities the points P 1i (x 1i , y 1i ) and P 2i (x 2i , y 2i ) obtained from the environment. Point P i is the solution (x i , y i ) of the following dynamical system through the projection of the current position of the robot P ro onto the line L and passing by points P 1i (x 1i , y 1i ) and P 2i (x 2i , y 2i ),
where u is the distance between P i and P ro and λ tr defines the relaxation rate of the dynamical system. Then, P i is used to set the reference direction for the robot, ψ tar (rad), in order to move from region r i to region r i+1 , ψ tar = arctan
B. Local Control
The local control contains the module responsible for setting the direction that the robot has to follow at each instant of time, ϕ h , by taking into account the direction ψ tar and the direction where obstacles are present ψ obs,i . ϕ h is ruled by the dynamical systems approach (see [6] ) defined as,
− λ tar sin(ϕ h − ψ tar ),
where ∆θ is the sensor angular resolution, R robot is the radius of the robot, d i is the distance to obstacles detected by sensor i, n s is the number of sensors, λ tar and λ obs,i define the strength of attraction and repulsion respectively.
C. Timing Control
The timing control is responsible for generating the linear velocity v for the robot through a Landau-Stuart oscillator that generates in real time the velocity profile for the robot (see [11] ),ṁ
where m and n are the state variables, ω specifies the frequency of oscillations, O m controls the m solution offset and µ encodes the amplitude of the oscillations (see [15] for details).
The timing adaptation block is responsible for selecting the amplitude of the oscillations A and frequency ω. The task of reaching the goal location is subdivided into three time intervals, such their sum equals the movement time MT (s). 
The velocity profile is modulated in amplitude and frequency by simply changing both A and ω parameters respectively according to the current state as follows,
where the values of A and ω alternate depending on the current values of m and n variables. The value of b controls the alternation speed between these values (b = 500).
IV. SIMULATIONS
Here we describe some experiments realized in a simulated hospital environment using a Pioneer 3-DX robot. For simulating the experiments, the Webots simulated was used. The purpose of these experiments is to demonstrate the performance of our navigation architecture to generate timed trajectories for a mobile robot moving in a hospital environment. We assume that the uncertainty on the robot's localization is τ = 0.5(m), and ε = 0.3(m), which is a sufficient distance that allows the robot to stop safely. To model the pedestrian walking behavior in the hospital environment, we used the social force model described in [8] A. Simulation 1
In this simulation we intent to demonstrate that the mobile robot is able to circumnavigate people and other static obstacles found in hospital environments during a robotic mission. The robot has to reach the goal location in MT = 120 s while avoiding the obstacles located in the environment. Snapshots of the simulation are depicted in fig. 2 .
The velocity profile v (blue line) and the amplitude A of the oscillator (green dashed line) are depicted in fig. 3 (top) . There are obstacles that make the robot to decelerate its velocity (t ≈ 59(s)), (t ≈ 78(s)) and (t ≈ 88(s)) in order to ensure a safe circumnavigation. The deceleration of the robot's velocity is achieved by decreasing the amplitude A of the oscillator. After the obstacle circumnavigation the amplitude increases to augment the velocity v and to compensate for the provoked delay, which allows the robot to reach the goal location within the specified movement time. Fig. 3 (bottom) shows the direction ψ tar (red dashed line) that the robot has to follow for reaching the goal location P g and the direction that the robot follows ϕ h (black dashed line) calculated by odometry. The robot follows ψ tar excepting when it has to circumnavigate obstacles. After the obstacle circumnavigation the robot's heading direction ϕ h converges to ψ tar . In this simulation we verify that the robot is able to reach the goal location P g within MT while avoiding 
B. Simulation 2
In the second simulation, we intent to verify if the robot is able to circumnavigate typical obstacles of hospital environments while performing several missions in the specified movement time MT (s) assigned to each mission. Herein, the robot executes 5 missions during approximately 350 s. Fig. 4 shows a sequence of snapshots obtained during the simulation where the robot faces different but typical situations in a hospital environment. Fig. 5 (top) demonstrates the velocity v (blue line) of the robot during the 5 missions. Note that the robot accelerates when the missions are initiated and decelerates when it approaches the goal location until stopping. Fig. 5 (bottom) shows the distance D between the position of the robot P ro and the goal location P g . We can verify that the robot successfully reaches the goal location within the specified MT of each 
V. CONCLUSIONS AND FUTURE WORKS
This paper presents a timing navigation architecture for mobile robots based on a mesh of nonlinear dynamical systems and feedthrough maps designed to control mobile robots for realizing tasks under timing constraints. The architecture is divided according to its level of abstraction similar to other architectures in the literature. The navigation architecture was successfully applied to a hospital delivery robot, since the robot realized its tasks of delivering goods between different locations of the hospital environment within the specified movement time to realize the respective task.
For future work we intent to validate the architecture in a real hospital environment.
